In this study we investigated the correlation between dinucleotide relative abundance values (the genomic signature) obtained from bacterial whole-genome sequences and two parameters widely used for bacterial classification, 16S rDNA sequence similarity and DNA-DNA hybridisation values. Twenty-eight completely sequenced bacterial genomes were included in the study. The correlation between the genomic signature and DNA-DNA hybridisation values was high and taxa that showed less than 30% DNA-DNA binding will in general not have dinucleotide relative abundance dissimilarity (δ * ) values below 40. On the other hand, taxa showing more than 50% DNA-DNA binding will not have δ * values higher than 17. Our data indicate that the overall correlation between genomic signature and 16S rDNA sequence similarity is low, except for closely related organisms (16S rDNA similarity > 94%). Statistical analysis of δ * values between different subgroups of the Proteobacteria indicate that the β-and γ-Proteobacteria are more closely related to each other than to the other subgroups of the Proteobacteria and that the α-and ε-Proteobacteria form clearly separate subgroups. Using the genomic signature we have also predicted DNA-DNA binding values for fastidious or unculturable endosymbionts belonging to the genera Rickettsia, Wigglesworthia and Buchnera.
Introduction
The percent DNA-DNA hybridisation is considered the "gold standard" for species delineation: prokaryotic species are considered to be groups of strains sharing 50 to 70% DNA reassociation and 5 to 7% difference in thermal stability between the homologuous and heterologuous duplexes [67] . Within many well-defined species, DNA reassociation values are even above 70% [55, 73] . Lower but significant DNA relatedness (i.e. in the 30 to 50% range) denotes the range of hybridisation values below the species level while values below 30% can be considered nonsignificant [22, 70] . The direct sequencing of 16S rDNA molecules by PCR technology provides a phylogenetic framework which serves as the backbone of microbial taxonomy. However, the resolution of 16S rDNA analysis between closely related species is generally low and there is no treshold value of 16S rRNA sequence similarity for species recognition [19, 61] . Organisms with less than 97% 16S rRNA sequence similarity will generally not give DNA association values of more than 60% [61] , although extensive within-species 16S rDNA sequence diversity has been reported for members of the ε-Proteobacteria [27, 72] .
Despite the fact that sequencing of the 16S rDNA and DNA-DNA hybridisation experiments are the cornerstones of modern microbial taxonomy [58, 63, 73] there are problems associated with both methods. DNA reassociation values do not represent the actual sequence similarity since DNA heteroduplexes will only form between strands that show at least 80% sequence complementarity; therefore a difference of 20% of sequence similarity may be spread out between 0 and 100% DNA reassociation [55] . The comparison of 16S rDNA sequences has been particularly useful for taxa above the rank of species, but, as mentioned above, sequence similarities of 16S rDNA are not sufficient to define bacterial species.
Analysis of complete bacterial genome sequences is shedding a new light on bacterial taxonomy and phylogeny. However, there is no consensus on how this wealth of information revealed by whole-genome sequencing can be applied to bacterial classification. Alignments and analysis of large numbers of conserved genes give inconsistent results [17, 54] ; in addition, this approach suffers from similar drawbacks as the 16S rDNA approach. Wholegenome comparisons based on the presence and absence of orthologous genes or families of genes [5, 18] , presence and absence of conserved insertions and deletions [24] [25] [26] , differences in gene content [59] , or distances between genes in genomes [30] have been proposed as alternatives. In addition, DNA microarray technology has facilitated the comparison of complete genome sequences (see for example references 13 and 41). In the analysis of dinucleotide relative abundance values, the complete sequence of the genome is used, without the prior requirement for alignment [8, 31, 32] . Dinucleotide relative abundance values are constant within a genome. It has been hypothesised that this is due to factors that work on them which are constant throughout the genome. It has also been postulated that the set of dinucleotide relative abundance values constitute a genomic signature that reflects the pressures of these factors [31] .
In the present study we investigate the correlation between the genomic signature, 16S rDNA sequence similarity and DNA-DNA hybridisation experiments.
Material and Methods

Whole-genome sequence data
The complete genome sequences used in this study are shown in Table 1 . Species included in this study were selected to represent a variety of major bacterial lineages, including the α-, β-, γ-and ε-Proteobacteria and the Gram-positive organisms. In addition, for all species included extensive DNA-DNA hybridisation data and/or multiple 16S rDNA sequences were available.
16S rDNA sequence data
16S rDNA sequences for all species (Table 1) were downloaded from the GenBank database. Multiple sequences from the same species were included, whenever possible, to account for intraspecies variability. The number of 16S rDNA sequences included for each species are shown in parentheses: Caulobacter crescentus (1), Rickettsia prowazekii (1), Rickettsia conorii (1), Xanthomonas campestris (7), Xanthomonas axonopodis (3), Pseudomonas putida (10), Pseudomonas aeruginosa (10), Yersinia pestis (14) , Yersinia enterocolitica (11) , Salmonella enterica sv. Typhi (2), Salmonella enterica sv. Typhimurium (3), Escherichia coli (11), Shigella flexneri (2), Buchnera sp. APS (1), Buchnera aphidicola (1), Wigglesworthia glossinidia (1), Bordetella pertussis (4), Bordetella parapertussis (4), Bordetella bronchiseptica (6), Campylobacter jejuni (12) , Helicobacter pylori (16) , Staphylococcus aureus (12) and Streptococcus pneumoniae (3). Sequences were included if their length was at least 1300 nucleotides and if they contained less than 0.5% ambiguities. If multiple sequences from the same strain were present, the most recent one was included. Phylogenetic analyses and bootstrap analysis (1000 replicates) was performed using the Kodon software package (Applied Maths, Kortrijk, Belgium); a phylogenetic tree was constructed using the neighbour-joining method [57] .
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T. Coenye and P. Vandamme DNA-DNA hybridisation data DNA-DNA hybridisation data were taken from previously published studies. Data for members of the family Enterobacteriaceae were taken from references 7, 9-11, 14 and 43. DNA-DNA hybridisation data for Pseudomonas and Xanthomonas species were taken from references 46 and 47, and 72, respectively. Data for H. pylori were taken from reference 77. Finally, data for species belonging to the genus Bordetella were taken from reference 34. Previous studies have indicated that there are differences in the DNA-DNA hybridisation values obtained depending on the methods used. The DNA-DNA binding values described in this study were obtained with the hydroxyapatite method, the optical renaturation method and/or membrane filter hybridisation methods and several studies have indicated that these different methods correlate well [23, 29, 33] .
Determination of dinucleotide relative abundance values
We determined the dinucleotide relative abundance value for each genome. Sequences were concatenated with their inverted complementary sequence using revseq, yank and union (part of the EMBOSS package, http://www.hgmp.mrc.ac.uk/software/ EMBOSS). Mononucleotide and dinucleotide frequencies were calculated using Artemis 4.0 [56] and compseq (EMBOSS), respectively. Dinucleotide relative abundances ρ * XY were calculated using the equation ρ * XY = f XY /f X f Y where f XY denotes the frequency of dinucleotide XY and f X and f Y denote the frequencies of X and Y, respectively [32] . Statistical theory and data from previous studies [31, 32] indicate that the normal range of ρ * XY , is between 0.78 and 1.23. In this study we used the refined criteria of discrimination proposed by Karlin et al. [31] . Overrepresentation is indicated by + (1.23 ≤ ρ * < 1.30), ++ (1.30 ≤ ρ * < 1.50) and +++ (ρ * ≥ 1.50), while underrepresentation is indicated by -(0.70 < ρ * ≤ 0.78), --(0.50 < ρ * ≤ 0.70) and ---(ρ * ≤ 0.50). The dissimilarities in relative abundance of dinucleotides between two sequences (f and g) were calculated using the equation described by Karlin et al. [31] 
Statistical analysis
Statistical analyses were performed using the SPSS 11.0.1 software package (SPSS Inc., Chicago, IL).
Results
Phylogenetic tree
A phylogenetic tree based on representative 16S rDNA sequences of all taxa included in this study is shown in Fig. 1 .
Dinucleotide relative abundances
Significantly over-or underrepresented dinucleotides are shown in Table 2 . The values for AG, CT, GA and TC were in the normal range for all genomes investigated. GC is overrepresented in most genomes, while TA is underrepresented in most genomes. The genomes of both Xanthomonas species, the C. jejuni genome and both H. pylori genomes each had seven dinucleotides that were Overall correlation between 16S rDNA sequence similarities and δ* values Average 16S rDNA sequence similarities and δ * values for all taxa examined are shown in Table 3 . A scatterplot of this Table is shown in Fig. 2 . The correlation between both parameters is low (r 2 = 0.410) but still significant (P < 0.001). Logarithmic transformations did not significantly increase the correlation (data not shown). The data can be subdivided into two groups (Fig. 2) : a first group with low δ * values and high 16S rDNA sequence similarities (δ * < 86, 16S rDNA similarity > 94%) and a second group with moderate to low 16S rDNA sequence similarities (< 94% and varying δ * values). There is a strong linear correlation between the two parameters for the data in the first group (r 2 = 0.931, P < 0.001) (Fig. 2) ; no significant correlation is found between both parameters for the data in the other group (data not shown).
Overall correlation between DNA-DNA hybridisation values and δ* values
DNA-DNA hybridisation values and δ
* values for all taxa examined are shown in Table 4 . A scatterplot of this Table is shown in Fig. 3 . The correlation between both parameters is high (r 2 = 0.829, P < 0.001) and the relationship between them was best described by the equation: DNA-DNA binding value = -0.00007 δ *3 + 0.0212 δ *2 -2.1553 δ * + 88.779.
α-Proteobacteria
C. crescentus and both Rickettsia species occupy a distinct position in the phylogenetic tree based on 16S rDNA sequences (Fig. 1) . R. prowazekii and R. conorii are closely related to each other (98.47% 16S rDNA sequence similarity and δ * value of 81.36), and more distantly related to C. crescentus (16S rDNA sequence similarity > 85%, δ * value higher than 250). δ * values of α-proteobacterial species with representatives of other major bacterial lineages range from 53.11 (P. aeruginosa) to 300.68 (C. jejuni).
under-or overrepresented. The genomes of C. crescentus, R. prowazekii, R. conorii, P. aeruginosa, Y. pestis, E. coli, S. flexneri, S. aureus and S. pneumoniae had only two dinucleotides that were under-or overrepresented, while the genomes of both S. enterica serovars had only one dinculeotide that was under-or overrepresented. The Fig. 1 . Phylogenetic tree based on 16S rDNA sequences of the taxa studied. Scale-bar indicates 10% sequence dissimilarity. 
β-Proteobacteria
The genus Bordetella contains three named species, but DNA-DNA hybridisation studies have indicated that these belong to a single genomic species (21, 31, 65) . This is confirmed by their very similar relative dinucleotide abundance values (3.98 ≤ δ * ≤ 10.93).
γ-Proteobacteria
All taxa belonging to the γ-Protebacteria group together in the 16S rDNA-based phylogenetic tree (Fig. 1 ). δ (Table 4) . P. putida and P. aeruginosa also group together in the phylogenetic tree but the δ * value between both of these taxa is higher (85.15). Representatives of both taxa showed no significant DNA-DNA hybridisation values (Table 4) . Members of the family Enterobacteriaceae form a well-separated subcluster in the phylogenetic tree. This is confirmed by the observed δ * values between the different enterobacterial species, which are in the relatively narrow range of 20.35 to 82.15. Both S. enterica serovars clearly belong to the same species based on DNA-DNA hybridisation studies (14, Table 4 ) and this is confirmed by their very similar dinucleotide relative abundance values. The same is true for E. coli and S. flexneri [10, 33, 49] (Table 4) Table 4 ). The Buchnera species investigated group together in the 16S rDNA based phylogenetic tree and have similar relative dinucleotide abundance values (δ * = 17.24). They are most closely related to the Enterobacteriaceae, albeit at a relatively low level of 16S rDNA sequence similarity (88.15-89.78%). This is reflected in high δ * values, ranging from 177.61 to 228.79 (Table 3) . W. glossinidia is only distantly related to the other γ-Proteobacteria (16S rDNA sequence similarity < 87%). This is reflected by high δ * values (Table 3 ). The relatively low δ * values between W. glossinidia and both Buchnera species can be attributed to the overrepresentation of AT in these genomes.
ε-Proteobacteria C. jejuni and H. pylori both belong to the ε-Proteobacteria; the δ * value between both species is 124.88. The ε-Proteobacteria are well-separated from the other Proteobacteria based on 16S rDNA sequence data [20] (Fig. 1) and this is confirmed by the high δ * values of both taxa with other Proteobacteria (Table 3 ). The whole-genome sequence of two H. pylori strains has been determined; their relative dinucleotide abundances are very similar (δ * = 9.41).
Gram-positive organisms
The Gram-positive organisms S. aureus and S. pneumoniae can clearly separated from the other organisms included in this study by their 16S rDNA sequence. Both organisms are also different from all other organisms based on differences in relative dinucleotide abundances (which are higher than 100 and 83, respectively).
Discussion
Correlation between δ* values, 16S rDNA sequence similarity and DNA-DNA hybridisation experiments Our data clearly show that, overall, there is only a low (albeit significant) correlation between δ * values and 16S rDNA sequence similarity. Nevertheless, there is an almost perfect linear correlation between both parameters for taxa that share more than 94% 16S rDNA sequence similarity (Fig. 2) . 97% 16S rDNA sequence similarity roughly corresponds to a δ * value of 40. The overall correlation between δ * values and DNA-DNA hybridisation values is very high (Fig. 3) . Data from the present study indicate that taxa which show more than 50% DNA-DNA binding do not have δ * values above 17, while taxa which show more than 70% DNA-DNA binding do not have δ * values above 11. In addition, taxa that show less than 30% DNA-DNA binding do not have δ * values below 40.
Application of relative dinucleotide abundance values in bacterial taxonomy
Based on 16S and 23S rDNA sequences, five major lines of descent are recognised within the Proteobacteria (designated α, β, γ, δ and ε, respectively) [20, 40, 62, 76] . The δ-and ε-Proteobacteria are clearly separated from [20, 37, 71] . The separation of the β and γ subgroups is less clear and it has been suggested that the β-Proteobacteria are actually a subgroup of the γ-Proteobacteria [13, 20, 76] . The α-Proteobacteria are more closely related to the β-and γ-Proteobacteria than to the two other subgroups but clearly form a separate lineage [20, 71] ). Based on the sequences of conserved macromolecules and protein signatures, the Proteobacteria are clearly different from other major prokaryotic lineages, including Gram-positive organisms [24, 76] . From the comparison of the average δ * values between representatives of the major groups (Table 5) , it is obvious that the β-and γ-Proteobacteria are more similar to each other than to the α-and ε-Proteobacteria (P < 0.001) and that the α-Proteobacteria are more similar to the ε-Proteobacteria than are the β-(P < 0.01) or γ-Proteobacteria (P < 0.05). These data indicate that the α-Proteobacteria are not more similar to the β-or γ-Proteobacteria than to the ε-Proteobacteria, contradicting data previously obtained from the comparison of conserved macromolecules. Interestingly, these data also indicate that the β-and γ-Proteobacteria appear closer related to the Gram-positive organisms than to the ε-Proteobacteria (P < 0.001); this is not the case for the α-Proteobacteria. However, it should be noted that the number of taxa investigated for the α-and β-Proteobacteria is relatively low and that this may influence the statistical analysis.
Based on partial genome sequences, Karlin et al [31, 32] observed some general trends; of these trends, the general underrepresentation of TA and the overrepresentation of GC in β-, γ-and ε-Proteobacteria were confirmed in the present study. The overrepresentation of AT previously observed in α-proteobacterial genomes is obvious in both Buchnera genomes and the W. glossinidia genome but is not seen in the C. crescentus genome, and, in contrast to previous reports, dinucleotide extremes can be observed in the S. aureus genome ( Table 2) .
At present there are organisms that have not been included in DNA-DNA hybridisation experiments because they can not be cultured in a convenient way. These include members of the genus Rickettsia (obligately intracellular microorganisms belonging to the α-Proteobacteria [73] ) and of the genera Buchnera and Wigglesworthia (obligate endosymbionts of aphids belonging to the γ-Proteobacteria) [2] . In the absence of DNA-DNA hybridisation values and biochemical characterisation, these organisms are classified according to the phylogenetic relationships as deduced from the sequence analysis of conserved macromolecules. The whole-genome sequences of several of these intracellular parasites have become available over the past few years [1, 4, 45, 58, 64] allowing to compare their dinucleotide relative abundance values (Table 2) . Using the previously determined equation describing the relationship between DNA-DNA binding value and δ * value, and using the δ * values shown in Table  3 , we estimate (i) a DNA-DNA binding value of approximately 58% between Buchnera sp. APS and B. aphidicola, (ii) a DNA-DNA binding value of approximately 13% between both Rickettsia species, and (iii) a DNA-DNA binding value of approximately 25% and 30% between W. glossinidia and Buchnera sp. APS and B. aphidicola, respectively. This suggests that Buchnera species isolated as endosymbionts from different aphid species belong to the same genomic species [67] . In addition, our data confirm the results from a previous study based on 16S rDNA sequences in which it was shown that Wigglesworthia is different from Buchnera [2] . The taxonomy of the genus Rickettsia is at present mainly based on 16S rDNA sequence data, but the limited number of DNA-DNA hybridisation data available suggest that there are many synonymous species within this genus [53] . Our data indicate that at least the two major phylogenetic groups within the genus Rickettsia (the typhus group [including R. prowazekii] and the spotted fever group [including R. conorii]) belong to different genomic species as defined by DNA-DNA hybridisation criteria [67, 73] . Our data also clearly indicate that AT is highly overrepresented in the genomes of R. prowazekii, R. conorii, B. aphidicola, Buchnera sp. APS and W. glossinidia (Table 2) , which may reflect an adaptation to life as endosymbionts of eukaryotic organisms.
Conclusions
Our data indicate that the overall correlation between genomic signature and 16S rDNA sequence similarity is low but significant, except for closely related organisms (16S rDNA sequence similarity > 94%) where the correlation is high. The correlation between genomic signature and DNA-DNA hybridisation values was high and taxa that show less than 30% DNA-DNA binding will in general not have δ * values below 40. On the other hand, taxa showing more than 50% DNA-DNA binding will not have δ * values higher than 17. Statistical analysis of δ * values between different subgroups of the Proteobacteria indicate that the β-and γ-Proteobacteria are more closely related to each other than to the other subgroups of the Proteobacteria and that the α-and ε-Proteobacteria form clearly separate subgroups. We have also shown that the genomic signature can be used to predict DNA-DNA binding values when DNA-DNA hybridisation data can not be obtained.
